This work proposes a novel self-sensing tapping-mode atomic force microscopy operation utilizing charge measurement. A microcantilever coated with a single piezoelectric layer is simultaneously used for actuation and deflection sensing. The cantilever can be batch fabricated with existing micro electro mechanical system processes. The setup enables the omission of the optical beam deflection technique which is commonly used to measure the cantilever oscillation amplitude. Due to the high amount of capacitive feedthrough in the measured charge signal, a feedforward control technique is employed to increase the dynamic range from less than 1 dB to approximately 35 dB. Experiments show that the conditioned charge signal achieves excellent signal-to-noise ratio and can therefore be used as a feedback signal for atomic force microscopy imaging. © 2013 AIP Publishing LLC.
I. INTRODUCTION
In atomic force microscopy (AFM), 1 high-resolution images on the nanometer scale of a wide variety of materials 2 are obtained by mapping the intermolecular forces between a microcantilever with a sharp tip and a sample's surface. Tapping-mode 3 AFM emerged as a popular method to minimize lateral friction forces in order to enable imaging of soft biological samples by exciting the cantilever near its first resonance frequency. While a piezoelectric tube scanner moves the sample underneath the cantilever in a raster pattern, topography features of the sample cause changes in the amplitude of the oscillating cantilever. The vibration amplitude is kept constant at a setpoint amplitude by a feedback controller through positioning the piezoelectric scanner in the vertical axis. Thus, the output of the controller can be used to estimate the sample topography and when plotted against the lateral position of the scanner, a three-dimensional image is obtained.
Silicon cantilevers have proven to be very suitable for tapping-mode AFM and additionally they can be produced economically due to the existence of a number of batch fabrication processes. 4 These cantilevers are usually excited at their base by means of a dither piezoelectric transducer. However, other techniques such as photothermal, 5, 6 magnetic, 7 or ultrasonic actuation 8, 9 have been demonstrated. Despite reduced friction forces, tapping-mode AFM comes with the cost of low scan speeds due to constraints set by the bandwidth of the z-axis feedback loop and the transient response of the cantilever. Extensive research has been conducted on Q-Control 10 to increase scan speed, but other methods such as scanning on higher eigenmodes 11 or decreasing the size of the cantilever 12 have been proposed. As most commercial AFM systems rely on displacement measurement obtained with the optical beam deflection technique, 13, 14 an appropriate laser position on the cantilever becomes crucial a) Electronic mail: Michael.Ruppert@uon.edu.au b) Electronic mail: Reza.Moheimani@newcastle.edu.au but might not be obtained at all for small cantilevers. Additional drawbacks of this method arise from possible optical interference and optical feedback 15 and contribute to the measurement noise. Capacitive sensing 16, 17 has been introduced to reduce the size of the measurement equipment but still requires an external sensor.
Ultimately, the size and cost of the AFM system could be greatly reduced with integrated sensors or self-sensing techniques. An integrated piezoresistive element in the silicon cantilever together with a Wheatstone bridge [18] [19] [20] [21] enables near sensorless strain measurement but requires an additional coating of doped silicon. When a piezoelectric layer is deposited on one side of the cantilever, piezoelectric sensing [22] [23] [24] [25] [26] [27] can be used to estimate the cantilever deflection by measuring the electrical current flowing through the piezoelectric material. An implementation has been proposed using an analog circuit consisting of a voltage bridge, an instrumentation amplifier, and a bandpass filter, however hand-tuning of certain elements is necessary. 26 Recently, a Frequency-Modulation AFM (FM-AFM) operation mode was reported 27 using a self-sensing quartz tuning fork with an attached cantilever. 28 The measured transfer function of the electrical impedance of the tuning fork, which was used for deflection sensing, showed a noticeable amount of feedthrough which was associated to a parasitic capacitance in parallel with the piezoelectric tuning fork. The feedthrough could be reduced by tuning a reference capacitor 29 driven with the negated input signal of the tuning fork or by tuning an inverting gain stage in series with a reference capacitor. 30 A drawback of this approach is that the piezoelectric properties of the cantilever were shown to be frequency dependent 31 and thus feedthrough cancellation with static external electronics becomes difficult. Efforts have been made to address this issue by employing an external reference cantilever, 25 but even two cantilevers from the same batch will have slightly varying piezoelectric capacitances. cantilever excitation as well as the generation of a homogeneous magnetic field complicating the design. Cantilevers with thermal heating loops located at the tip of the cantilever for actuation and a piezoresistive element at the base of the cantilever for sensing 34, 35 have also been proposed but major control effort to compensate for coupling has to be employed.
This contribution proposes self-sensing tapping-mode AFM with a cantilever shown in Fig. 1 that utilizes a single piezoelectric (ZnO) layer for actuation and sensing. The silicon cantilever can be cost-effectively fabricated with existing MEMS processes. A charge measurement circuit in combination with a signal conditioning block is used to effectively extract an estimate of the cantilever's deflection without the optical laser sensor. Capacitive feedthrough cancellation is systematically obtained over a band of frequencies around the resonance with the use of a feedforward controller.
The remainder of the paper is organized as follows. In Sec. II, the equivalent electromechanical actuator/sensor model of the cantilever is discussed. The resulting transfer function from applied actuator voltage to measured charge contains a significant amount of feedthrough, decreasing the dynamic range of the system. In Sec. III, the circuit to measure charge while the cantilever is being actuated by an AC voltage is discussed. A method is proposed in Sec. IV to calculate a feedforward controller to cancel the feedthrough arising from the piezoelectric capacitance. In Sec. V, the conditioned charge signal is compared with the laser signal in terms of signal-to-noise ratio and scan experiments are shown which validate charge can be used effectively as a feedback signal for topography estimation. To conclude, Secs. VI and VII summarize the results and outline the possible future trend towards on-chip AFM imaging.
II. ACTUATOR/SENSOR MODEL OF CANTILEVER
The system under consideration is a cantilevered beam with a piezoelectric layer bonded to its surface acting as a self-sensing actuator as shown in Fig. 2(a) . Assuming perfect bonding between the piezoelectric patch and the beam, a voltage applied to the terminals of the piezoelectric layer results in a bending moment causing the cantilever to deflect. The transfer function relating the piezoelectric actuator voltage V (s) to cantilever deflection D(s), only considering the 
Similarly, when a poled piezoelectric transducer is subjected to mechanical strain it becomes electrically polarized, producing a charge on the surface of the material. This direct piezoelectric effect can be modeled as a strain dependent voltage source V p in series with a capacitor C p as shown in Fig. 2(b) . While the capacitor sufficiently represents the dielectric properties of the piezoelectric material, this simplified model does not take into account dielectric losses or heat dissipation which can be modeled by adding a resistor in parallel to V p and C p . The model is a simplified version of the Butterworth Van Dyke model as proposed by the IEEE Standard on Piezoelectricity. 37 Since the voltage V p is dependent on the strain in the structure, the transfer function from the voltage applied to the terminals of the piezoelectric transducer to the voltage induced in the sensor V p is given by Ref. 36
Applying Kirchhoff's law to Fig. 2(b) , one obtains
Substituting (2) into (3) yields
Observing that (1) and (2) only differ by a constant factor, (4) can be rewritten as
From (5), we may conclude that by measuring charge at the terminals of the piezoelectric layer, an estimate of the cantilever deflection can be derived.
III. CHARGE MEASUREMENT
The circuit shown in Fig. 3 has been designed to measure the charge in the piezoelectric transducer while applying a voltage signal at resonance. The charge mode amplifier will equate the charge present at its negative input by charging
the feedback capacitor C f1 . A feedback resistor R f1 is used to prevent the amplifier from drifting into saturation. In order to obtain a higher gain and to accommodate for the inverting character of the charge mode amplifier, an inverting amplifier is added in series. The transfer function of the circuit is given by
resembling a high-pass filter with a cut-off frequency of
and a gain of a =
. The values are chosen such that the frequency of interest (the resonance frequency of the first eigenmode of the cantilever) lies well within the bandwidth of the charge sensor and such that the amplitude of the charge signal is of the same order of magnitude as the corresponding laser signal. The circuit was implemented on a prototype board with standard components and LT1468 operational amplifiers and was used to obtain G qv shown in Fig. 4 . It is obvious that G qv is heavily buried in feedthrough, thus decreasing the dynamic range to less than 1 dB compared to approximately 30 dB range of G dv . This is of great disadvantage when using the charge signal as an amplitude estimate for tapping-mode AFM since a shift in the resonance frequency caused by interaction forces will yield a very small change in oscillation amplitude resulting in poor resolution.
IV. FEEDTHROUGH CANCELLATION
MEMS devices are known to be prone to parasitic feedthrough due to capacitive stray circuits in the system. This is usually the case because drive and sense electrodes share a   FIG. 4 . Measured FRF of G dv (−−) and G qv (−).
common node (the MEMS electrical network). 38 When capacitive sensing is used for position sensing of the MEMS device, the parasitic feedthrough current has to be separated from the motional current. A number of actuation and cancellation techniques 39 have been proposed that rely on differential driving of an external tunable capacitor, 40 second harmonic actuation, 41 and piezoresistive sensing. 42 In the electromechanical amplitude modulation (EAM) technique, the feedthrough current can be separated from the motional signal in the frequency domain by modulating the common node of the MEMS device with a high frequency carrier signal. 43 An additional external capacitor that is driven out of phase to the modulating signal can be used to further minimize the feedthrough current. 44 As can be seen from (5) and Fig. 4 , the dynamics of the cantilever are heavily buried in capacitive feedthrough resulting in a very low dynamic range around resonance. When the charge signal is used as a feedback signal for AFM imaging, it has to be conditioned such that the dynamic range is increased. For this purpose, a feedforward controller K(s) is derived and implemented on a Field Programmable Analog Array (FPAA). The Anadigm AN221E04 FPAA offers configurable filter and summing blocks with a bandwidth of up to 400 kHz and are therefore well suited for this application. However, due to the interfacing circuitry and the switched capacitor nature of the FPAA board, additional signal attenuation and phase shifts have to be accommodated for in the design of K(s). Fig. 5 shows the schematic setup of the charge measurement and feedthrough cancellation where H(s) resembles the charge measurement circuit and F 1 (s) and F 2 (s) have been introduced to model the signal attenuation through the FPAA board. The controller K(s) can be calculated as
With H(s), F 1 (s), and F 2 (s) all being first order transfer functions, the resulting feedforward controller will be of order three. To simplify the design, a linear transfer function is fitted to K(s) in a frequency range around the resonance. The closed loop simulation shown in Fig. 6 verifies the feedthrough cancellation with the full-order K(s) and linear approximation around the resonance.
V. EXPERIMENTAL RESULTS

A. System identification
The AFM cantilever used in this work is the Dimension Micro-Actuated Silicon Probe (DMASP), a piezoelectric self-actuated microcantilever manufactured by Bruker. A model of G dv was directly obtained using the frequency domain subspace identification algorithm. 45 The parameters of G qv are found by appropriate scaling and nonlinear optimization over C p and γ to minimize the difference in magnitude and phase of the measured transfer function of G qv and (5). The resulting parameters are shown in Table I . Additionally, knowing that the parameters are inherent properties of the piezoelectric cantilever, a precision LCR meter such as the Agilent E4980A was used to measure C p and the obtained value of 23.78 pF adequately matches the estimation.
B. Feedthrough cancellation
With the above design procedure, tuning of the controller parameters is reduced to merely adjusting the gain of the implemented transfer function of the FPAA. Fig. 7 demonstrates how adjusting the gain leads to increased cancellation of the feedthrough term. It can be seen that the dynamic range is increased and the zero is pushed to higher frequencies when good matching is achieved. When the gain of K(s) is too high the zero appears on the other side of the resonance. As can be seen from Fig. 7 the dynamic range is increased to around 35 dB and the phase crosses −90
• at resonance and almost reaches −180
• after the resonance.
C. Noise comparison
A noise comparison of the laser and charge signal demodulated at the resonance frequency is conducted with a lock-in amplifier and shown in Fig. 8 . The microcantilever is excited at its resonance frequency with 200 mV(p) and the signal-tonoise ratio (SNR) is measured around a bandwidth of 100 Hz. The SNR is determined to be the difference between the maximum value and the fitted noise floor. For the laser signal, the 46 The noise floor of the demodulated signal is around 18 dB higher than that of the laser signal. This can be attributed to imperfections of the charge measurement circuit, which was implemented on a prototype stripboard. Also, it was found that the circuit, being of very high gain by design, is very sensitive to interferences emanating from ambient sources such as from the electrical ballasts in fluorescent lamps and therefore needed a protective shield. This specific noise source can be traced in Fig. 7 in the form of frequency components around 45 kHz when the shielding is insufficient. In future work, the authors expect to further improve the SNR of the demodulated charge signal by using a printed circuit board (PCB) design with surface mount components and improved shielding.
In Fig. 9 , the time domain signal of the laser and charge sensor when the cantilever is oscillating in free air are compared. It can be seen that the charge signal shows a superimposed oscillation which can be associated to the 45 kHz disturbance originating from ambient lighting. As mentioned before, this noise source can be minimized by electrostatically shielding the circuitry. When analyzing the amplitude spectra of the two signals, the charge signal shows a slightly higher noise floor but a similarly strong component at the first resonance compared to the laser signal.
While tapping on a sample additional noise may be induced via capacitive coupling between the ZnO layer and the sample. For the cantilever used in this work, the ZnO patch approximately has a thickness, length, and width of 1 μm, 1200 μm, and 170 μm, respectively. Assuming a dielectric constant of r = 11 for the ZnO film, the capacitance between the electrodes can be calculated as C p ≈ 19.9 pF, which is close to the measured and identified value from Table I . Assuming that in the worst case scenario the cantilever is parallel above the sample and only separated by the tip length (15-20 μm) and free air, the capacitance between the sample and the ZnO layer is more than two orders of magnitude smaller than C p and can therefore be neglected. 
D. Scan results
Scan experiments with a NT-MDT NTEGRA Prima AFM on a NT-MDT TGZ1 calibration grating have been conducted. The sample contains periodic features with step heights of 21.6 ± 1.5 nm. While scanning the calibration grating the demodulated amplitude signal of the laser and charge sensor are compared. When the z-axis feedback loop is closed, the demodulated amplitude signal corresponds to the error signal which is kept at the setpoint amplitude by the z-axis controller. As can be seen from Fig. 10 charge and laser signals correspond very well, the only difference being the magnitude of the error peaks which is due to the gain in the charge measurement circuitry. Since the operating amplitude setpoint of the scanning procedure is set relative to the free air amplitude, this is of no concern. Fig. 11 shows images obtained with the laser signal and charge signal as the deflection measurement. Both scans were conducted over the same area of 10 μm × 10 μm at a speed of 20 μm/s. The setpoint amplitude is kept at 50% of the free-air amplitude and the zaxis feedback gain is kept constant for both scans as well. As can be seen there is literally no difference in image quality when using the charge signal instead of the laser signal. Additionally, a cross-section analysis of the 3D images obtained is shown in Fig. 12 which highlights the equal image quality obtained with the charge signal.
VI. CONCLUSIONS
This work has highlighted how the optical deflection measurement system used in tapping-mode atomic force microscopy can be easily replaced with an alternative sensor mechanism when a cantilever equipped with a piezoelectric transducer is used. A single piezoelectric layer can be used simultaneously as a voltage-driven actuator and as a charge-measuring sensor. The readout circuit is simple and can be realized with only two operational amplifiers. The capacitive feedthrough, which is noticeable in the voltage to charge transfer function, and significantly degrades the dynamic range, is systematically canceled by using a feedforward controller. A FPAA based implementation is proposed that offers flexibility and sufficient bandwidth over the desired frequency range. It was shown that the charge signal achieves an excellent signal-to-noise ratio, only a few dB less than the laser signal. When charge is used as a feedback signal for topography estimation during a tapping-mode AFM experiment, the obtained images are of identical quality compared to imaging with the laser signal.
VII. FUTURE WORK
In future work, the authors aim to further increase the signal-to-noise ratio of the charge signal by improving the analog circuitry. Moreover, it would be of great interest to devise an automatic feedthrough cancellation system using estimator design methods. With the self-sensing approach highlighted in this work, the idea of on-chip AFM seems more and more feasible. An electrostatically actuated two degree of freedom (2-DOF) nanopositioning stage based on MEMS technology is already available 47 which offers low power consumption combined with a minimized footprint, but can still scan over a large range. An active on-chip cantilever integrated with a 2-DOF positioning stage has also been proposed. 48 When combined with sensorless Q-Control methods, 49 , 50 the proposed self-sensing technique can lead to a stand alone on-chip AFM.
